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Tills  report  Is  the  final  report  on  research  carried  out  under  U.  S. 

Air  Force  Grant  No.  AFOSR  81-0046.  The  period  covered  Is  from  1  December 
1980  until  30  November  1984,  and  the  program  was  entitled  "The  Fatigue  of 
Powder  Metallurgy  Alloys".  Powder  metallurgy  alloys  are  attractive  because 
their  use  can  minimize  material  waste  and  minimize  machining  costs.  In 
addition  there  Is  the  potential  for  the  development  of  more  fine-grained 
and  homogeneous  microstructures  as  compared  to  ingot  alloys,  as  well  as  the 
possibility  for  creating  mechanically  alloyed  product  which  might  not  be 
producible  via  conventional  Ingot  practice.  However  these  attractive  fea¬ 
tures  are  only  of  use  if  the  mechanical  properties  are  equivalent  to,  or 
hopefully  better  than,  those  of  conventional  Ingot  alloys.  Fatigue  behavior 
Is  one  of  the  critical  considerations  in  making  such  comparisons,  parti¬ 
cularly  with  respect  to  potential  applications  In  the  aero-space  field. 

One  main  purpose  of  the  research  carried  out  In  this  program  was  to  compare 
the  fatigue  crack  propagation  behavior  of  powder  metallurgy  (P/M)  alloys 
with  comparable  Ingot  metallurgy  (I/M)  alloys.  In  making  these  comparisons 
aluminum  P/M  and  I/M  alloys  were  used.  Additional  studies  of  titanium 
alloys  were  also  carried  out.  This  Involved  both  low  cycle  fatigue  as  well 
as  fatigue  crack  growth  testing.  As  a  result  of  this  test  program  signifi¬ 
cant  Insight  into  the  Importance  of  crack  closure  on  fatigue  crack  growth 
has  been  obtained.  This  Insight  leads  to  an  improved  understanding  of  the 
so-called  anomolous  growth  of  short  cracks,  fatigue  notch  sensitivity, 
notch  size  effects  in  fatigue,  and  overload  effects  associated  with  crack 
retardation.  Crack  closure  provides  a  solid  physical  basis  for  the  quanti¬ 
tative  modeling  of  these  various  phenomena.  The  specific  details  are 
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MATERIALS  AND  TESTS 

Table  1  provides  a  complete  listing  of  the  alloys  studied  In  this 
program  together  with  their  chemical  compositions.  Table  2  lists  the 
mechanical  properties  of  the  alloys. 

Fatigue  crack  growth  studies  were  carried  out  using  compact  speci¬ 
mens.  A  subtraction  circuit  as  Indicated  In  Fig.  1  was  used  to  determine 
the  crack  opening  load.  Both  clip  gages  as  well  as  back-face  strain  gages 
were  employed  In  the  course  of  the  program  In  the  determination  of  the 
crack  opening  load  level.  Since  the  signal  output  from  the  back-face  gage 
Is  cleaner  and  the  sensitivity  Is  similar  to  that  of  the  clip  gage,  we 
prefer  the  use  of  the  back-face  strain  gage. 

Much  of  the  fatigue  crack  growth  work  was  carried  out  In  air  at  room 
temperature.  In  the  threshold  region  frequencies  of  up  to  50  Hertz  were 
used.  Some  additional  testing  was  carried  out  In  3  1/2%  NaCl  solution  to 
determine  the  effect  of  this  environment  on  the  rate  of  crack  growth.  The 
low  cycle  fatigue  work  on  titanium  alloys  was  carried  out  at  elevated  tem¬ 
peratures  In  air  or  In  a  partial  vacuum  with  the  specimen  heated  by  Induc¬ 
tion. 

TEST  RESULTS  -  ALUMINUM  ALLOYS 

Fig.  2  shows  the  results  of  fatigue  tests  carried  out  under  fully 
reversed  loading  conditions  In  the  high  cycle  range  with  smooth  specimens. 
X7090  and  X7091  are  P/M  alloys,  7075  Is  an  Ingot  alloy.  The  fatigue  proper¬ 
ties  of  the  P/M  alloys  are  better  than  those  of  the  I/M  alloy,  an  Indication 
that  these  P/M  alloys  do  not  contain  significant  defects  such  as  porosity 
which  would  degrade  the  fatigue  performance. 

Figs.  3  and  4  show  typical  results  of  fatigue  crack  growth  analyses 
for  P/M  and  I/M  alloys.  A  comparison  Is  provided  In  Fig.  5.  Test  variables 
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Schematic  diagram  of  the  modified  compliance  method 
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Fig.  3.  Fatigue  crack  growth  rates  of  X7090  aluminum  alloy  tested  at 
three  R  ratios. 
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Included  the  R-ratlo  (the  ratio  of  minimum  to  maximum  stress  In  a  cycle) 
and  the  orientation  of  the  specimen  with  respect  to  the  rolling  direction 
of  the  plate  from  which  the  specimens  were  machines.  Both  K-decreasIng  and 
K-Increaslng  test  procedures  were  used  to  check  on  repeatabllty  and  to 
Insure  that  load  history  effects  were  minimal.  From  Fig.  5  It  can  be  seen 
that  at  threshold  the  P/M  alloys  are  actually  better  than  the  comparable 
I/M  alloy,  but  In  the  Intermediate  crack  growth  region  the  reverse  Is  true. 
These  results  will  be  discussed  In  terms  of  crack  closure  subsequently. 

The  dependence  of  the  crack  growth  rate  on  R  Is  indicated  In  Fig.  6 
for  the  P/M  alloys. 

The  crack  closure  behavior  In  terms  of  the  ratio  of  Kop/Kmax  Is  shown 
In  Fig.  7  for  both  P/M  and  I/M  materials  for  an  R-ratlo  of  0.05.  The 
Influence  of  R-ratlo  on  closure  behavior  Is  shown  In  Fig.  8.  It  Is  noted 
that  the  closure  effect  Increases  as  threshold  Is  approached  and  also  that 
the  effect  decreases  with  Increase  in  R-ratlo.  AKeff  Is  the  portion  of  the 
cycle  In  which  the  crack  tip  Is  open.  The  crack  growth  rates  plotted  In 
terms  of  this  parameter  are  shown  In  Fig.  9.  Much  of  the  dependency  of  the 
crack  growth  rate  on  R  can  be  accounted  for  on  the  basis  of  crack  closure. 
The  difference  at  threshold  Is  In  fact  quite  small  In  the  absolute  sense. 
The  differences  apparent  at  the  highest  growth  rates  are  real  and  are  due 
to  the  fact  that  the  peak  value  of  K  Is  much  higher  for  a  high  R-ratlo  at  a 
given  aK  and  this  gives  rise  to  additional  modes  of  separation  because  of 
the  proximity  to  the  fracture  toughness  level.  It  Is  also  noted  that  the 
earlier  comparison  between  P/M  and  I/M  alloys.  Fig.  5,  can  be  accounted  for 
In  terms  of  the  closure  effect.  At  threshold  It  was  less  for  the  I/M  alloy 
but  In  the  Intermediate  range  It  was  higher. 

Fig.  10  shows  the  crack  growth  behavior  as  a  function  of  R  for  a 
mechanically  alloyed  P/M  alloy.  Note  the  absence  of  an  R  effect  In  the  low 
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Ratio  of  Kop  to  Kmax  as  a  function  of  AK  for  P/M  and  I/M 
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Fig.  9.  Fatigue  crack  growth  rate,  da/dN,  as  a  function  of  AK 
the  7090-T6  alloy.  ‘ 
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Fig.  10.  Fatigue  crack  growth  rate,  da/dN,  as  a  function  of  aK  for  the 
IN9021-T4  aluminum  alloy  at  three  R  ratios. 


rate  region.  This  alloy  Is  extremely  fine-grained,  less  than  a  micron,  and 
exhibited  no  crack  closure.  This  result  provides  clear  cut  evidence  that 
the  R  effect  on  the  level  of  the  threshold  Is  due  to  closure.  Fig.  11 
emphasizes  this  point.  Where  there  Is  no  closure  there  Is  no  R  effect  as 
In  the  case  of  IN9021.  In  the  more  usual  case  closure  Is  high  at  low  R 
ratios  and  decreases  with  Increase  In  R  with  the  result  that  the  threshold 
level  also  decreases  with  R  as  In  the  case  of  the  7090  P/M  alloy.  These 
results  are  plotted  In  a  different  manner  In  Figs.  12  and  13.  It  Is  Inter¬ 
esting  to  note  that  In  the  case  of  the  7090  alloy  that  the  value  of  Kmax  Is 
fairly  constant  for  low  values  of  R. 

Figs.  14  through  17  show  the  effect  of  a  simulated  sea  water  environ¬ 
ment  on  the  rate  of  fatigue  crack  propagation  In  7xxx  alloys.  In  general 
there  Is  a  degradation  In  resistance  to  fatigue  crack  growth  In  the  salt 
water.  However  the  I/M  alloy  actually  had  a  slightly  higher  threshold  In 
the  salt  water  as  compared  to  air.  For  this  alloy  closure  was  higher  In 
the  salt  water  than  In  air  as  shown  In  Fig.  18.  This  effect  may  be  due  to 
corrosion  product  wedging.  The  closure  results  for  the  other  alloys  are 
shown  In  Figs.  19-21,  and  a  comparison  between  the  alloys  Is  given  In  Fig. 

22.  Oust  why  the  closure  Is  higher  In  the  case  of  the  Ingot  alloy  has  not 
been  determined.  At  any  rate  nothing  has  emerged  from  these  tests,  either 
In  air  or  salt  water  environments,  which  would  suggest  that  the  P/M  alloys 
are  In  any  way  less  than  comparable  to  the  corresponding  Ingot  alloy. 

TEST  RESULTS  -  TITANIUM  ALLOYS 

In  the  course  of  the  program  S/N  curves  for  the  titanium  alloy  T1-6A1-4V 
were  obtained  In  both  the  as-received  condition  and  In  a  cold  rolled  condi¬ 
tion.  The  results  were  somewhat  surprising,  for  as  shown  In  Fig.  23,  cold 
rolling  has  lead  to  a  degradation  In  fatigue  properties.  Generally  speaking 
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Fig.  11.  Comparison  of  fatigue  threshold  levels  for  the  IN9021  and  7090 
alloys  at  three  R  ratios. 
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Fig.  13.  I^ax»  and  KQp  as  a  function  of  R  for  the  7090-T6  alloy 
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Fig.  15.  Fatigue  crack  growth  rates  of  X7091  aluminum  alloy  tested  at 
R  ■  0.05  In  3.5  pet.  NaCl  solution. 
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Fig.  16.  Rate  of  fatigue  crack  growth  in  3.5%  NaCl  for  X7091  (L-T) 

compared  to  growth  rate  In  air  under  decreasing  and  Increasing 
K  conditions. 


7075-T7 


Results  of  crack  opening  load  measurements  for  7075  aluminum 
allov  tested  In  3.5  pet.  NaCl  solution. 


1g.  19.  Results  of  crack  opening  load  measurements  for  X7090  aluminum 
alloy  tested  In  3.5  pet.  NaCl  solution. 


Fig.  20.  Ratio  of  Kop  to  Kmax  as  a  function  of  AK  for  X7091  In  air  and 
in  3.5%  NaCl  solution. 
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Results  of  crack  opening  load  measurements  for  X7091  aluminum 
alloy  tested  In  3.5  pet.  NaCl  solution. 
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Comparison  of  closure  levels  for  three  types  of  aluminum  alloys 
tested  at  R  ■  0.05  In  3.5  pet.  NaCI  solution.  Data  points  were 
taken  from  only  K-decreasing  tests  for  all  alloys. 


Fig.  23.  S/N  curves  for  T1-6A1-4V  sheet  in  as-received  and  cold-rolled 
conditions. 
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the  opposite  effect  would  have  been  observed.  This  result  appears  to  cor¬ 
relate  with  the  unique  microstructure  of  the  alpha-beta  titanium  alloy. 

The  beta  phase  acts  as  a  strengthener  for  the  alpha  phase.  But  when  it  is 
sheared  as  in  the  course  of  cold  rolling,  this  strengthening  effect  is 
greatly  reduced  and  locally  the  plastic  deformation  required  for  fatigue 
crack  initiation  can  proceed  more  readily,  thus  accounting  for  the  observed 
degradation  in  fatigue  resistance. 

We  have  also  obtained  some  additional  crack  growth  data  for  the  titanium 
alloy  5524S  which  was  tested  in  a  joint  French-Amerlcan  program  some  time 
earlier.  In  reviewing  the  results  of  that  program  there  was  a  question 
about  the  validity  of  test  results  in  the  low  aK  regime.  Our  results  con¬ 
firmed  the  results  obtained  by  the  French  investigators  but  also  indicated 
that  the  threshold  at  450C  was  quite  low  as  indicated  in  Fig.  24.  Fig.  25 
shows  that  the  closure  level  Is  low  in  this  alloy  and  fairly  constant  down 
to  the  threshold  level.  At  threshold  the  ratio  of  Kop  to  Kmax  Is  of  the 
order  of  0.25  whereas  at  room  temperature  a  ratio  of  the  order  of  0.5  would 
be  obtained.  A  common  characteristic  of  all  alloys  Is  the  loss  of  closure 
with  Increase  In  temperature  as  the  result  of  the  easier  flattening  of 
contacting  points  with  Increase  In  temperature. 

Low  cycle  fatigue  tests  have  also  been  carried  out  at  525C  on  the 
titanium  alloy  IMI  829  In  air  and  In  a  partial  vacuum.  This  alloy  was 
available  In  both  I/M  and  P/M  forms  so  that  a  direct  comparison  could  be 
made  to  determine  if  there  was  an  Influence  of  processing  history  on 
fatigue  behavior.  The  results  of  the  tests  are  shown  in  Fig.  26  for  two 
different  frequencies  of  test  as  a  function  of  the  total  strain  range. 


Little  difference  between  P/M  and  I/M  specimens  Is  found  In  air  testing. 
In  vacuum  the  P/M  alloy  seems  better,  and  there  Is  an  Increase  In  fatigue 
life  with  frequency  for  the  I/M  material.  However  difficulties  with  leaks 
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Fig.  24.  Fatigue  crack  growth  behavior  of  T1  alloy  5524S  at  450°C. 
81 AY-1 9-2  and  81AZ-34-1  tested  In  Frame  81-Ay-18-2  and 
81AZ-28-2  tested  at  U.  of  CT.  (AY  Isothermal  Forging, 
AZ  Conventional  Forging). 
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behavior  of  T1-5524S  specimens  at  450°C 


In  the  vacuum  system  may  have  Influenced  these  results.  Fig.  26  also  pre¬ 
sents  the  results  as  a  function  of  the  plastic  strain  range,  and  Fig.  27 
and  28  compares  the  results  for  the  IMI829  alloy  with  results  previously 
obtained  for  two  other  candidate  titanium  alloys  for  high  temperature 
applications.  These  results  Indicate  that  the  IMI  alloy  Is  less  resistant 
to  low  cycle  fatigue  than  the  other  two  alloys.  However  more  testing 
should  be  done  to  confirm  this  finding  and  to  establish  the  cause  for  the 
difference  If  one  Indeed  exists. 

ANALYSIS 

As  Indicated  in  the  previous  section  crack  closure  can  provide  an 
explanation  for  the  dependency  of  the  crack  growth  rate  on  mean  stress  In 
the  near-threshold  region.  Since  crack  closure  is  also  Important  in  under¬ 
standing  other  aspects  of  fatigue  crack  growth  it  Is  essential  that  we 
learn  more  of  the  nature  of  the  closure  process  itself.  When  crack  closure 
was  first  introduced  by  Elber  It  was  related  to  a  residual  plastic  stretch 
of  material  In  the  wake  of  a  growing  fatigue  crack.  This  still  seems  to  be 
an  appropriate  explanation  in  the  case  of  plane  stress.  However  under 
plane  strain  conditions  as  In  the  case  of  most  threshold  testing  this  does 
not  provide  an  explanation  for  the  development  of  closure.  Instead  we  find 
that  because  of  a  shift  from  mode  I  to  mode  II  crack  growth  as  the  stress 
Intensity  factor  Is  reduced  the  fracture  surface  can  become  faceted.  This 
extent  of  this  faceting  depends  on  the  microstructure,  for  If  the  microstruc¬ 
ture  Is  extremely  fine  as  In  the  case  of  the  IN9021  alloy,  then  closure  may 
not  develop  even  In  the  threshold  region.  Microstructures  which  develop 
facets  of  the  order  of  10  microns  or  larger  can  lead  to  enhanced  closure  In 
the  near-threshold  region.  Closure  results  due  to  a  mismatch  of  these 
facets  when  the  opposite  sides  of  the  crack  attempt  to  close.  This  type  of 
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Fig.  27.  Comparison  of  Low  Cycle  Fatigue  behavior  of  I/M  and  P/M  IMI 
829  as  a  function  of  total  strain  range  with  two  other  high 
temperature  titanium  alloys. 
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CYCLES  TO  FAILURE,  Nf 

Fig.  28.  Comparison  of  IMI  829  P/M  and  I/M  alloys  with  two  other  high 
temperature  titanium  alloys  as  a  fraction  of  the  plastic 
strain  range. 


closure  has  been  termed  "roughness- Induced",  and  Is  conceptually  quite 
different  from  the  continuum  type  of  residual  stretch  originally  con¬ 
sidered. 

An  Important  consideration  with  respect  to  the  influence  of  closure  on 
the  threshold  level  is  the  distance  over  which  the  closure  event  occurs. 
Since  there  Is  a  history  effect  associated  In  a  decreasing  K  test,  one  must 
be  concerned  with  the  possible  contribution  to  closure  and  the  threshold 
level  of  material  In  the  wake  of  a  crack  that  had  been  stretched  at  higher 
K  levels.  One  can  remove  the  influence  of  any  such  material  by  carefully 
cutting  away  material  in  the  wake  of  the  crack  to  within  one  millimeter  of 
the  crack  tip.  The  results  of  experiments  along  these  lines  are  Indicated 
in  Figs.  29  and  30.  It  Is  seen  that  removal  of  the  material  has  a  small 
effect  on  both  the  closure  level  and  on  the  subsequent  threshold  level.  A 
major  conclusion  drawn  Is  that  In  a  properly  conducted  decreasing  K  test 
much  of  the  closure  that  affects  the  closure  level  occurs  within  one  milli¬ 
meter  of  the  crack  tip  In  this  material.  Closure  occurring  at  longer 
distances  has  only  a  minor  effect  on  the  threshold  level. 

Closure  development  over  distances  less  than  one  millimeter  can  be 
quite  Important  in  understanding  the  behavior  of  cracks  emanating  from 
notches.  A  key  feature  of  such  crack  growth  Is  the  recognition  that  when 
the  crack  Is  first  formed  there  Is  no  closure  and  the  crack  tip  is  free  to 
open  and  close  over  the  full  K  range.  However  as  the  crack  advances 
roughness- induced  closure  can  develop  and  reduce  the  effective  range  of  K. 
One  can  easily  see  that  this  process  could  readily  lead  to  the  non-propaga¬ 
tion  of  cracks,  for  example.  Additionally,  as  closure  develops  we  may  find 
that  the  rate  of  growth  of  a  propagating  crack  decreases,  the  so-called 
anomolous  crack  growth.  To  deal  with  such  topics  in  a  quantitative  manner 
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Fig.  29.  Results  of  the  near- threshold  fatigue  crack  growth  test  for 
X7090  aluminum  alloy.  Note  that  the  difference  between  the 
two  thresholds  Is  only  0.2  MPa»fii. 


Results  of  crack  opening  load  measurements  for  X7090  aluminum 
alloy.  Note  that  closure  characteristics  are  strongly 
associated  with  the  Mode  II  and  Mode  I  crack  growth. 
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we  have  developed  a  quantitative  approach  which  depends  upon  the  rate  at 
which  closure  develops  in  the  wake  of  a  crack. 

Based  upon  published  results  on  the  behavior  of  cracks  emanating  from 
notches  we  have  deduced  the  Kop  level  varies  as  indicated  in  Fig.  31.  In  a 
distance  of  half  a  millimeter  the  closure  level  has  risen  from  zero  to  the 
value  associated  with  a  macroscopic  crack  for  this  particular  material.  It 
is  noted  that  we  have  recently  carried  out  an  experiment  the  results  of 
which  closely  simulate  the  closure  development  with  crack  advance  depicted 
in  Fig.  31.  We  make  sure  of  this  information  in  the  following  way.  Fig. 
32  is  a  plot  of  aK /Ac  vs.  1  for  a  crack  of  length  1  emanating  from  a  hole 
of  radius  c  based  on  three  methods  of  calculation.  Curve  A  represents  the 
exact  solution  for  a  crack  emanating  from  a  hole.  Curve  B  is  the  solution 
if  the  crack  is  taken  to  be  equal  to  the  actual  length  plus  the  radius  of 
the  hole.  For  large  crack  sizes  these  curves  merge.  Curve  C  is  the 
assumed  variation  used  in  the  proposed  model.  To  account  for  the  fact  that 
the  initial  crack  is  in  a  plastic  zone  large  with  respect  to  the  crack 
length  the  initial  value  of  AK /La  is  increased  from  curve  A  to  that  of 
curve  B.  Then  as  crack  closure  develops  in  accord  with  Fig.  31  the  value 
of  AKeff/Aa  follows  curve  C.  Because  of  the  dip  in  curve  C  it  is  necessary 
that  in  order  to  keep  a  crack  propagating  at  a  given  rate  that  the  stress 
range  be  increased  to  maintain  a  constant  value  of  AKeff.  This  is  indi¬ 
cated  in  Fig.  33  which  compares  predictions,  curves  C,  D,  and  E  with  pub¬ 
lished  experimental  results.  Curve  C,  for  example,  begins  on  the  line  B 
which  represents  the  threshold  condition  in  the  absence  of  closure.  As 
closure  develops  the  stress  requires  for  propagation  increases  to  a  maximum 
before  decreasing  as  the  crack  increases  in  length.  In  order  for  a  crack 
to  propagate  this  maximum  must  be  exceeded.  The  experimental  data  is  in 
accord  with  this  view.  Arrested  cracks  form  below  this  maximum  and  propa- 


Fig.  32.  Variation  of  lK/Lo  as  a  function  of  crack  length,  1,  for  three 
cases. 


Experimental  Results 


Fig.  33.  Crack  propagation  conditions  as  a  function  of  total  crack 
length  c+1  and  stress  amplitude. 
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gating  cracks  form  above.  Note  also  that  as  the  radius  of  the  hole  Is 
Increased  that  the  stress  maximum  decreases.  This  fact  leads  to  a  direct 
understanding  of  the  cause  underlying  the  fatigue  notch  effect,  l.e.,  that 
for  a  given  stress  Intensity  factor  a  small  radius  Is  not  as  severe  In 
reducing  fatigue  strength  as  a  large  radius.  This  point  Is  emphasized  In 
Fig.  34  which  compares  predictions  based  on  Fig.  33  with  empirical  rela¬ 
tions  found  In  the  literature. 

Fig.  35  indicates  the  regimes  on  the  da/dN  vs.  AK  plot  wherein  the 
above  approach  based  on  crack  closure  considerations  can  be  applied. 
Closure  as  employed  In  the  analysis  Is  a  continuum  consideration,  and  as 
such  can  only  be  applied  In  the  region  to  the  right  of  the  cross-hatched 
area.  Nevertheless  It  can  account  for  various  types  of  crack  growth  below 
the  threshold  for  long  cracks  as  Indicated  by  the  curves  labeled  A,  B  and 
C.  A  micromechanics  approach  Involving  dislocation  behavior  within  Indivi¬ 
dual  grains  may  be  needed  to  deal  with  situations  within  the  cross-hatched 
region.  The  precise  position  on  the  lower  bound  for  the  continuum  approach 
will  depend  on  the  material.  For  materials  In  which  the  endurance  limit  Is 
a  propagation  rather  than  an  Initiation  limit  It  may  be  possible  to  extend 
the  approach  to  very  small  crack  sizes  as  Indicated  in  Fig.  36  to  account 
for  the  R-dependency  of  the  endurance  limit  In  the  same  way  that  the  R-depen 
dency  of  the  threshold  level  has  been  treated.  We  also  need  to  know  more 
about  the  development  of  closure  In  different  materials  as  a  function  of 
R-ratlo  as  Indicated  In  Fig.  37. 

|  The  proposed  method  of  analysis  also  has  certain  Implications  for 

design  as  Indicated  In  Fig.  38.  In  selecting  a  material  for  a  given  appli¬ 
cation  It  may  seem  appropriate  to  select  a  material  of  high  tensile  strength 

*  because  of  a  higher  smooth  bar  fatigue  limit.  However  In  the  presence  of  a 

flaw  or  crack  the  threshold  for  fatigue  crack  growth  may  be  less  In  the 
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Fig.  34.  Variation  of  Kp  as  a  function  of  hole  radius  for  three  cases 

(A)  based  on  the  present  analysis; 
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Fig.  35.  Rate  of  fatigue  crack  growth  In  modified  9Cr-lMo  steel. 

Regions  of  applicability  of  micromechanics  and  continuum 
mechanics  are  Indicated.  Microcrack  sizes  are  Indicated. 
Curves  (A),  (B)  and  (C)  Indicate  anomalous  crack  growth 
behavior  during  development  of  closure  Including  non- 
propagating  crack  (A). 


Fig.  36.  Possible  variation  of  the  stress  to  propagate  a  crack  with 
R-ratlo  for  very  short  cracks. 


Fig.  38.  Effect  of  strength  level  and  crack  closure  on  the  allowable 
stress  from  non-propagation  of  a  crack  as  Influenced  by 
Inspection  capability. 


case  of  a  high  strength  steel  as  compared  to  one  of  lower  strength.  This 
lower  threshold  results  from  less  closure.  The  result  Is  that  In  the  pres¬ 
ence  of  a  flaw  the  material  of  lower  strength  may  actually  be  more  fatigue 
resistant  than  the  higher  strength  material. 

Consideration  of  closure  also  leads  to  a  better  understanding  of 
factors  Influencing  crack  growth  under  variable  amplitude  loading,  and  In 
particular  the  cause  for  retardation  of  the  crack  growth  rate  when  the 
overloads  are  applied.  Fig.  39  is  an  example  of  this  retardation.  Note 
that  the  growth  rate  Immediately  after  the  application  of  the  overload  is 
slightly  higher  than  prior  to  the  overload  but  as  the  crack  advances  the 
growth  rate  decreases,  a  phenomenon  known  as  delayed  retardation.  Finally 
the  crack  accelerates  and  returns  to  the  normal  level  once  It  Is  out  of  the 
zone  of  Influence  of  the  overload  event.  From  our  previous  work  we  know 
that  the  retardation  Is  due  to  closure  In  the  surface  or  plane  stress 
region,  and  this  is  supported  by  the  results  shown  in  Fig.  40.  The  delay 
phenomenon  can  be  understood  by  considering  the  residual  stresses  In  the 
plastic  zone  ahead  of  the  crack  following  the  overload.  They  are  compres¬ 
sive  and  so  when  the  crack  advances  Into  the  plastic  zone  and  relaxes  this 
compressive  stress  the  relaxed  material  will  expand  and  contribute  to 
closure.  The  maximum  relaxation  will  occur  when  the  crack  tip  Is  at  the 
center  of  the  zone,  the  position  at  which  the  growth  rate  Is  a  minimum. 
This  situation  and  related  calculations  Is  depicted  In  Fig.  41  and  compared 
with  experimental  results  In  Fig.  42. 

A  natural  extension  of  the  approach  would  be  to  spectrum  loading. 
Preliminary  testing  has  been  carried  out  in  our  laboratory  using  the  Mini¬ 
twist  program  representative  of  the  loads  experienced  by  the  wing  structure 
of  transport  aircraft.  The  results  of  these  tests  are  shown  in  Fig.  43. 


Fig.  40.  Crack  closure  behavior  after  an  overload.  Strain  gage 
measures  surface  closure.  Clip  gauge  measures  through 
thickness  closure.  2219-T87  1/M  alloy. 


Fig.  41.  Development  of  closure  due  to  relaxation  of  residual  stress  In 
surface  plastic  zone  after  an  overload. 
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Fig.  42.  Comparison  of  observed  and  predicted  minimum  position  for  the 
crack  growth  rate  after  an  overload. 


Mini  Twist  4000  Flights 


Fig.  43.  Crack  length  as  a  function  of  number  of  flight  under  the 
Mini -Twist  loading  program. 
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CONCLUSIONS 

1.  A  comparison  of  the  fatigue  crack  growth  behavior  of  high  strength  P/M 
and  1/M  aluminum  alloys  leads  to  the  following  conclusions. 

a.  In  the  near  threshold  region  P/M  and  1/M  alloys  are  comparable  in 
their  resistance  to  fatigue  crack  growth. 

b.  In  the  intermediate  region  the  1/M  alloy  showed  a  lower  fatigue 
crack  growth  rate  at  a  given  LK  level.  This  reduction  is  associ¬ 
ated  with  a  higher  level  of  crack  closure  in  the  1/M  alloy. 

c.  In  the  terminal  region  the  1/M  alloy  exhibited  a  lower  crack 
growth  rate  because  of  the  higher  toughness.  In  this  comparision 
the  yield  and  tensile  strengths  were  higher  In  the  P/M  alloys  and 
this  may  account  for  the  lower  toughness  of  these  materials.  At 
comparable  strength  levels  there  may  be  no  difference  in  fracture 
toughness  and  the  crack  growth  rates  may  be  closer  together  In 
the  terminal  region. 

d.  No  defect  which  might  reduce  the  resistance  to  fatigue  crack 
growth  was  observed  in  any  of  the  P/M  alloys.  The  fatigue  resis¬ 
tance  of  unnotched  P/M  alloy  specimens  was  greater  than  that  of 
the  1/M  alloy  which  also  indicates  that  no  significant  defects 
were  present  in  the  P/M  alloys. 

e.  Grain  size  is  an  Important  characteristic  affecting  the  threshold 
level.  P/M  and  1/M  alloys  with  grain  sizes  in  the  range  of  5-10 
urn  exhibit  more  closure  and  have  higher  thresholds  for  R=0.05 
loading  as  compared  to  a  P/M  alloy  whose  grain  size  was  less  than 
Ip. 

2.  Crack  closure  behavior  has  been  found  to  be  responsible  for  the  anoma¬ 
lous  behaviour  of  short  cracks  (<  50  p)  emanating  from  notches.  A  method 
of  analysis  has  been  formulated  based  on  the  rate  and  magnitude  of  develop- 
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ment  of  closure  in  the  crack  of  a  newly  formed  fatigue  crack.  This 
analysis  not  only  accounts  for  short  crack  behavior  but  also  related  topics 
such  as  the  non-propagation  of  cracks,  the  notch  size-effect  in  fatigue, 
and  fatigue  notch  sensitivity. 
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—Tone  of  the  Important  conditions  In  qualifying  high  strength^owder  metal¬ 
lurgy  alloys  Is  their  resistance  to  fatigue  crack  propagation.  {Tjie  results  of 
the  present  Investigation  Indicate  that  the  fatigue  crack  propagation) resistance 
of  high  strength  P/M  alumlnumn  alloys  Is  equivalent  to  that  of  a  comparable  Ingot 
metallurgy  alloy  In  the  near-threshold  region.  The  ingot  alloy  exhibits  a 
slightly  lower  crack  growth  rate  In  the  Intermediate  region.  However  the  higher 
strength  of  the  P/M  alloys  {550  MPa  YS,  600  MPa  UTS)  as  compared  to  the  Ingot 
alloy  (450  MPa.  550  MPa)  results  In  a  reduction  of  fracture  toughness  with  the^ 
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result  that  the  crack  growth  rates  at  high  levels  are  higher  In  the  P/M 
alloys.  If  exactly  equivalent  tensile  properties  were  present  In  both  P/M  and 
I/M  naterlals  perhaps  this  difference  would  not  occur  since  nothing  charac- 
terlzable  as  a  defect  was  found  In  the  P/M  alloys. 

A  procedure  for  the  analysis  of  the  growth  of  short  cracks  from  notches 
based  upon  crack  closure  considerations  has  also  been  formulated.  Short  crack 
behavior  Is  Important  In  establishing  Inspection  Intervals  In  retirement  for 
cause  applications,  for  example.  The  rate  and  extent  at  which  crack  closure 
develops  In  the  wake  of  a  newly  formed  crack  can  be  used  not  only  In  the  treat 
ment  of  short  crack  behavior,  but  also  to  account  for  the  notch  size  effect  In 
fatigue  as  well  as  for  fatigue  notch  sensitivity. 
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